Introduction

Scope
This report deals with fundamental considerations underlying the dosimetry of radiations having energies in excess of about ms e V (mo Me V). There is no intent to set an upper limit, but information on the physical processes taking place is scarce at energies beyond those presently attainable with accelerators (about mu eV). Cosmic ray particles can have energies of one joule (6.24 x mis eV) and more, but the flux density of these particles is very low and our understanding of their interactions is fragmentary. Throughout this report the term high-energy radiation will refer to primary radiations having energies above ms eV. Particles and interactions at energies lower than this limit will be discussed in the context of the secondary particles produced in interactions of the high-energy primary particles with matter. These lower-energy particles have obvious significance in many applications, e.g., where massivt shielding is present to absorb or attenuate the higher energy radiation.
In the very broad energy range under consideration, all types of nuclear processes can be initiated and all known unstable particles can be created. Such interactions frequently result in a chain of subsequent reactions that can be very complex. Indeed, if the energy of any primary particle exceeds mu eV, there is an appreciable probability for the production of most presently identified directly and indirectly ionizing radiations with a spectrum that may extend over a m 10 -fold range of energy.
High-energy radiation, therefore, is the most demanding topic in dosimetry. It is nevertheless not as difficult as the complexity of physical processes might imply, since many of the reactions and particles can often be ignored with little or no effect on the accuracy of dose determinations. Some dosimetric techniques developed for more conventional radiations can be extended to very much higher energies, particularly when ap~I"opriate modifications or corrections are applied. This, however, can only be done 1 with adequate understanding of the physical processes involved. Consequently, a substantial portion of this report (Section 2) deals with the physics of high-energy radiation, with particular emphasis on dosimetric aspects.
High-energy radiation originates from two types of sources under distinctly different conditions. As already mentioned, the radiation energies attained by accelerators are less than those that can be encountered in cosmic radiation. Accelerator-produced radiations, however, are usually much more intense and radiation shielding is almost invariably very bulky. Section 3 contains information on the radiation environment surrounding various types of accelerators. Cosmic radiation both in the vicinity of the earth and in interplanetary space extends to much higher energies, but, with the comparatively rare exception of solar outbursts, flux densities are low. They are of practical importance only for planes flying in or above the stratosphere, or in spacecraft outside the earth's atmosphere, under conditions where shielding is minimal. As a result of space exploration, information on cosmic radiation is continuing to develop. A brief review with reference to more comprehensive treatments is given in Section 4.
Section 5 of this reporfcontains an analysis of the problem of dose equivalent specification, and a survey of absorbed dose and dose equivalent measurement techniques. Since these subjects have been analyzed in considerable detail in ICRU Reports 19S (ICRU, 1973) and 25 (ICRU, 1976b) and in ICRU Report 20 (ICRU, 1971b) , respectively, this treatment is also brief.
The remainder of this introduction deals with a description of radiation quantities and a discussion of the applications of dosimetry.
Radiation Quantities
ICRU Report 19 (ICRU, 197la) contains a comprehensive list of radiation quantities and their units, and the reader is referred to this document for detailed considerations and precise definitions. The material presented here, however, should he adequate for most practical purposes and for an understanding of dosimetric terms used in the remainder of this report.
The quantities specified in Report 19 are sufficiently general to apply to all radiations; however, some of them (particularly kerma and exposure) have little utility at high energies. On the other hand, there may he a need to formulate new quantities to deal with certain dosimetric aspects of highenergy radiation. The most important example relates to the complex track pattern generated by heavy nuclei moving near relativistic velocities. No attempt is made here to develop the appropriate concept.
Fundamental Quantities
The most fundamental description of a radiation field is in terms of the number of particles that traverse an infinitesimal volume located at the point of interest, per unit cross-sectional area and per unit time. This quantity, the flux density or fluence rate, </>, can refer to directly ionizing radiation (i.e., charged particles) or indirectly ionizing radiations (e.g., photons, neutrons, neutral mesons, etc.). Increasing detail of this characterization is provided by specifying </>with respect to particle type, energy, and direction. The fluence, <P, is the time integral of </>.
The above quantities apply to radiation with no reference to its interaction with matter. They are therefore of less immediate concern to dosimetry than others that encompass the interaction with material of specified composition. An example of this is quantification of the process whereby indirectly ionizing radiation gives rise to directly ionizing radiation. The applicable quantity is the kerma, K, which is the sum of the kinetic energies of the charged particles ejected per unit mass of irradiated medium.
In traversing matter, charged particles dissipate their energy in various processes. The energy loss of a charged particle per unit distance in a medium is the linear stopping power, S. If p is the density of the medium, the mass stopping power is (S/ p ). This can he subdivided into collision mass stopping power (S/p)co1, radiative mass stopping power (S/p)rad and, at least in principle, into other components. It is sometimes necessary to consider "local" energy deposition in which only energy losses or transfers up to some energy Ll are included. In this case, we use the term restricted linear collision stovping power or linear energy transfer (LET), L 11 • In this notation, Loo= Scol· The central quantity of dosimetry, the absorbed dose, D, is the mean energy imparted per unit mass of material at the point of interest. As in the case of stopping power and linear energy transfer, it cannot he specified for a point in a vacuum.
All of these quantities are physical point functions that vary continuously in space and time. The discrete nature of radiation necessitates the use of stochastic quantities that do not meet these criteria but represent some particular value of the quantity in question for a small region of the irradiated material. Only one such quantity, the specific energy, z, will he mentioned here. Its nature is best explained by comparisons with the corresponding non-stochastic quantity, the absorbed dose, D.
When a medium is uniformly irradiated, D has the same value throughout. However, even for uniform irradiation, the energy E deposited in a small mass, m, varies randomly with location, and if D and m are small enough, the specific energy z, which equals E/m, may be zero, or many times larger than D. The distribution F(z) denotes the probability that the specific energy is less than the value of z. It is a function of D and m and of the charged particle type and energy. D is the expectation value of z. It is also of evident importance to radiation action, since it must be the actual, rather than the expectation value, of the energy density that determines the radiation effect.
The units of all physical radiation quantities are based on units of the International System: the kilogram, meter, second, and ampere. Other units derived from these are also used. Thus the absorbed dose may be expressed in J/kg (joules per kilogram). The unit J/kg has been given a special name, the gray (symbol, Gy). There are, however, other units outside the International System that are commonly employed. These are the rad (0.01 Gy) for absorbed dose, absorbed dose index, kerma, and specific energy; and keV/µ,m (1.6 x 10-10 J/m) for linear stopping power and LET.
Quantities for Radiation Protection
The biological effect of radiation depends not only on absorbed dose but also on radiation type and energy, and a host of other factors. In order to facilitate the task of radiation protection, several simplifying assumptions are made. The most important of these are that all subsidiary factors are neglected except for radiation quality, and that the effect of irradiation correlates better with the product of absorbed dose, D, and the quality factor, Q, than with absorbed dose alone. Q is given as a function of LET in water. It ranges from 1 at low LET (L 00 < 3.5 keV µ,m-1 ) to 20 at high LET (L 00 > 175 keV µ,m-1 ). ICRU Report 19 (ICRU, 1971a) gives the recommended dependence. The product of Q, D and N 1 is the dose equivalent, H; this quantity His expressed in rem when D is in rad. Because of the underlying simplifications, Q and H are intended for use only in radiation protection and then only for comparing the actual dose equivalent received with the recommended limits.
In dosimetric considerations, particularly those involving normally unoccupied areas such as space, it is often desirable to consider the absorbed dose that would be received at a given location. In virtually all radiation fields, the absorbed dose depends on the orientation of the human body as well as the location of the point of interest inside it. In order to eliminate the first of these factors and to specify a single quantity that is sufficiently conservative, the absorbed dose index, D 1 , is defined as the maximum absorbed dose in a 30-cm-diameter tissue-equivalent sphere centered at the point of interest. Its unit is the gray (or the rad).
An analogous quantity of even more immediate applicability to radiation protection is the dose equivalent index, Hi, defined as the maximum dose equivalent in a 30-cm-diameter tissue-equivalent sphere centered at the point of interest. Its unit is the rem.
ICRU Report 25 (ICRU, 1976b) contains a more comprehensive discussion of these concepts.
Dosimetric Applications
Few accelerators are capable of producing radiations of the energies under discussion in this report, and the size of the population exposed near these devices is small compared to that irradiated at conventional energies. The number of persons exposed to space radiation is very much smaller still. While these numbers may be expected to increase, it does not appear at present that the increase will be dramatic. An appreciable fraction of the population might travel in high-flying supersonic aircraft in the near future, but it seems well established that, with rare exceptions, the dose received will be quite low. However, the very basis for this statement involves dosimetry, and regardless of the number of persons and the magnitude of the doses involved, protection 1 N is the product of any other modifying factors and can be set equal to unity for external radiation, which is exclusively discussed in this report.
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against radiatl.on of high energies is a subject that must be dealt with effectively.
Radiation protection considerations at all energies must be based on a series of suitable approximations. It is customary to avoid exposure in excess of the maximum permissible dose equivalent (MPD) by provision of such extensive protective features that consideration of individual work habits, with a few exceptions, is unnecessary. Personnel monitoring is then carried out primarily to provide assurance that appropriate protection standards are being met. Because of the low levels encountered, it is normally sufficient to achieve an accuracy of measurement such that the uncertainty of assessing the upper limits to the annual dose equivalent does not exceed 50 percent. For values less than 2 rem, an uncertainty of 1 rem is acceptable (ICRP, 1969) . It is thus usually unnecessary to construct a 30-cm-diameter tissue equivalent sphere and to perform detailed measurements within such a phantom. One or a few well designed measurements with devices of appropriate wall thickness will often suffice. Discussion of the determination of dose equivalent index is included in ICRU Report 25 (ICRU, 1976b) .
Greater accuracy is evidently required when the MPD for radiation workers is approached or even exceeded. The latter may occur either because of unforseen conditions (accidents) or it may be deliberately brought about because of other overriding considerations (e.g., on extended space missions). Such situations must be met by increasingly refined measurements and values of Q are not applicable.
Since Q is a function of Loo, a determination of the dose equivalent involves an integration, i.e.,
H=DQ, -
where DL 00 dLoo is the absorbed dose in the interval L 00 to Loo + dLoo. Because of the inherent limitation of H, DL 00 is likely to provide more useful dosimetric information for purposes of radiation protection. It must be noted that DL 00 depends on location in the body. Often this function needs only to be determined at the location of maximum absorbed dose. In some instances, however, it may be necessary to know it in a particular organ.
Another important application of dosimetry is in radiobiology. Research in this discipline is rarely performed at high energies because of the complexity of the radiations encountered. This complexity is often greatly increased by interactions taking place in the irradiated tissues. Consequently, even if intrinsic biological differences are ignored, the extrap-olation from animal (or tissue) to man is complicated by differences in absorbed dose distribution at very high energies, as well as at very low ones.
Radiobiological research having significant quantitative aspects requires refined dosimetry, and accuracy is usually essential. It is equally necessary to provide exhaustive information on radiation quality. DL 00 may not be sufficient and microdosimetric information, such as F(z), may be needed.
Careful dosimetry in radiotherapeutic applications is extremely important because the radiosensitivity of normal tissues adjacent to or near the tumor site is usually the limiting factor. Absorbed dose determinations to within 5 percent accuracy are often desired by the radiotherapist. ICRU Report 24 (ICRU, 1976a) discusses problems connected with absorbed dose determination within the patient.
In its broader sense, the term dosimetry applies not only to biological material, but also to all other kinds of material as, for instance, those involved in radiation damage studies. Because of the variability of the information required, this aspect is not explicitly covered in this report but many of the general statements should be applicable.
